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Abstract: Maximizing food production under adverse conditions is a major challenge to food security
and sustainability in the face of population growth and climatic change. The use of amendments
applied as a supplement under adverse conditions may play a significant role in the mitigation of
biotic and abiotic stress. This study aimed to explore the morpho-physio-biochemical changes in
chili in response to cadmium (Cd) stress. The present study investigated the effects of foliar-applied
selenium (NaySeOy) (3 uM) and soil-applied humic acid (250 mg kg_1 w/w soil) in the sole and
synergistic form under varying levels of cadmium stress (0, 2, and 4 mM using CdCl,) in chili. Results
revealed that a linear decrease was noticed in the growth, biomass, and phenological attributes
of chili plants by increasing the Cd stress. More reduction was noticed at the higher levels of Cd
stress as compared to control due lowering plant dry weight (18.15 and 39.67%), relative water
content (RWC) (10.73 and 24.17%), total chlorophyll concentrations (16.01 and 31.44%) and increased
electrolyte leakage (49.44 and 129.35%) and malonaldehyde contents (MDA) (68.41 and 104.04%). Dry
biomass significantly increased with humic acid and selenium treatments, regardless of cadmium
level. The reduced enzymatic activities associated with reactive oxygen species (ROS) detoxification,
underscores the pivotal role of Se and humic acid in maintaining redox homeostasis. The combined
effect of selenium and humic acid proved better results as compared to the sole application in
minimizing Cd uptake in roots and fruit. This study demonstrates that the application of humic acid
and selenium activates physio-biochemical defense responses against cadmium stress in chili plants
and provides significant pavement for the cultivation of chili in cadmium-containing soils with a
target of high-yielding and quality.
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1. Introduction

Heavy metal contamination is a serious threat to organisms, human health, and the
ecosystem, as well as causing widespread environmental problems [1,2]. Soil is a medium
to support the growth of plants and provide nutrients to plants [3,4]. Cadmium (Cd) is a
high-cytotoxic industrial and environmental pollutant. Mining, Cd-containing fertilizers,
industrial sewage sludge, and atmospheric deposition are the primary causes of the rapid
increase of Cd accumulation in the soil [5,6]. The toxicity of Cd can affect the normal
physiological and biochemical processes of plants and by consumption of foods with a high
Cd content may indicate a potential risk to human health because cadmium can accumulate
in the body over the course of many years to a chronic level [7].
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Chili (Capsicum annuum) is an important crop in Pakistan both for consumption and
export. It is commonly known as “red chili” in Pakistan and is a significant ingredient
in the country’s cuisine. Chili cultivation contributes to the livelihoods of many farmers
in rural areas. It is often grown as a cash crop due to its demand in both domestic and
international markets. Like many crops, chili cultivation in Pakistan faces challenges such
as pests, diseases, irrigation with wastewater, and changing climate patterns [8]. Chili
plants, like other crops, can take up cadmium from contaminated soil or water, leading to
a range of physiological, biochemical, and morphological changes that can impact their
growth and development [9]. It disrupts cellular structures and functions, including cell
membrane integrity. It can also impact enzymatic and metabolic processes within the plant,
leading to oxidative stress [10].

Using both organic and inorganic amendments can be effective in managing cadmium
pollution in soil [11]. These amendments work by modifying the physical, chemical,
and biological properties of the soil, thereby reducing the availability and mobility of
cadmium [12]. Humic acid is known to be the black gold of agriculture having properties
to be soluble in water and serve as an organic manure [13]. It acts as a growth promoter
and helps in the nutrient uptake of crops as well as increased yield of vegetables [14,15].
It can increase cell membrane permeability, respiration, and photosynthesis [16], root
cell elongation, and phosphate uptake in plants under abiotic stress [17,18]. Similarly,
Selenium (Se) is a trace mineral that animals and humans need as a micronutrient [19].
It helps in the detoxification of heavy metals. It can form complexes with cadmium
ions, reducing their availability for plant uptake [20]. Selenium supplementation under
cadmium stress has been reported to promote plant growth by reducing the negative
impact of cadmium on nutrient uptake, photosynthesis, and overall plant metabolism [21].
It helps to mitigate these nutrient imbalances by enhancing the uptake and translocation of
essential minerals [22].

This combined approach holds the potential to mitigate the adverse impacts of Cd
stress on plant growth and health, thereby contributing to sustainable agricultural practices
and environmental protection [23]. Additionally, humic acid’s capacity to enhance nutrient
uptake and promote root development could synergistically support selenium’s role in
bolstering antioxidant defense mechanisms and detoxification pathways within plants [24].
However, there are a few reports about the participation of the combined effect of humic
acid and Se in the mitigation of Cd stress in terms of biochemical traits in chili plants. We
hypothesized that the synergistic effect of Se and humic acid can modulate Cd stress by
improving plant growth, limiting membrane damage, and minimizing Cd uptake. Hence,
the objectives of the current study were: (1) to explore the effect of various levels of Cd on
the growth, biomass, and tissue health of chili and (2) to quantify the sole and synergistic
effect of Se and humic acid on the physio-biochemical variables and Cd accumulation of
chili plants in the presence and absence of Cd. These results will be helpful in discovering
the interactions between selenium, and humic acid for alleviating the detrimental effects of
cadmium contributing to sustainable agricultural practices and environmental protection.

2. Materials and Methods
2.1. Study Site, Experimental Design and Treatments

This comprehensive experimental approach aimed to elucidate the interactive effects of
selenium and humic acid on reducing Cd stress in chili at the Department of Environmental
Sciences, University of Lahore, Pakistan. A completely randomized design (CRD) under
factorial arrangement was applied with triplicates. The total number of experimental units
were (2 x 4 x 3 = 24). Experimental treatments were comprised of two factors cadmium
stress control (0, 2, and 4 mM using CdCl,) and selenium and vermicompost treatments
viz., Tp = control (Ck); T = selenium (3 uM, using NaySeO, by Sigma-Aldrich, USA, with
>98.0% purity) [25]; T, = humic acid (250 mg kg_1 w/w) [26], and T3 = combination of
selenium and humic acid treatments.
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2.2. Crop Management

The soil used in this study was sampled to a depth of 15 cm from nearby agricultural
fields. It was dried indoors until it could be crumbled to pass through a 4 mm-sieve and
a 2 mme-sieve, for pot experiments. The composition of the soil was 30% sand, 35% silt,
35% clay, and 0.79% organic matter. For heavy metal stress treatments, cadmium (CdCl,)
was mixed with the medium at three different concentrations (0, 2, and 4 mM), incubated
for 3 weeks, and filled in the plastic pots (23 cm height & 25 cm top diameter). The seeds
of chili were germinated in a peat at 25 °C for 10 days. Three plants with uniform sizes
were selected and transplanted into pots. After 10 days of transplanting, the humic acid
was applied according to treatment, and manual hoeing was carried out for three days for
the complete homogenization of the humic acid. To meet the nutritional requirements of
the plants, Hoagland solution (50 percent) was applied at a rate of 1 L per week per pot.
During the experiment, the necessary agronomic practices like weeding and irrigation were
carried out on a regular basis in accordance with the physical observations of the plants
in pots. The foliar application of Se was applied to plants 15 days after the application of
humic acid. foliar applications of Se (as prescribed) were used, using 500 mL of the solution
per pot using a handheld sprayer in each of two sprays at a 10-day interval [27]. Surfactant
(commercial surf; at 1.00 mg L~!) was added in each to desired levels of Se solution to
improve the adhesion of the spray substance to the aerial parts of chili by following the
protocols of Naz et al. [28]. A plant set without Cd, Se, and humic acid treatments was
worked as a mock. After harvesting, data on biochemical morphological and physiological
attributes was recorded.

2.3. Morphological, Phonological and Biomass Variables

After harvesting, plant samples were randomly selected from each replication. Af-
ter counting the leaves, plant samples were cleaned with distilled water to remove any
remaining dirt, and the plant’s height, as well as the length of its shoots, roots, leaf length,
and leaf width, were measured using a meter rod. To estimate the fresh weight and dry
weight, one plant from each treatment was selected randomly. Root and shoot samples
were separated by cutting the plants at the root-shoot junction, and the fresh weight was
measured immediately between root and shoot portions and the collective weight was
considered as plant fresh weight. For dry weight, samples were placed in a hot air oven at
65 °C for 48 h. The measurements were conducted in an electric balance. The leaf area of a
plant was measured by multiplying the length and width of the chili plant [29]. The stem
diameter was measured using the vernier caliper.

2.4. Physio-Biochemical and Water-Related Variables

A portable photosynthesis infrared gas analyzer (IRGA, Analytical Development Com-
pany, London, UK) was used to measure the photosynthetic rate (A), stomatal conductance
(gs), transpiration rate (E), on a fully sunny day from upper leaves at 9 AM. For the purpose
of extracting pigment, a crushed leaf sample (about 5 g) from the second replication was
introduced to a test tube that contained 85% acetone (v/v) and then left for 24 h. The
samples were centrifuged at 4000x g and 4 °C for ten minutes. The chlorophyll contents
of the supernatant were determined using a spectrophotometer (Halo DB-20/DB-20S; Dy-
namica Scientific, Bain Square, Livingston, UK) between wavelengths of 470, 647, and
664.5 nm, in accordance with Lichtenthaler’s protocols [30]. The total chlorophyll contents
were measured by adding the chlorophyll a and b. The relative water content (RWC) of
a leaf of constant size from each treatment was determined using the equation below:
RWC% was estimated using the formula: (fresh weight oven-dried weight/fully turgid
weight oven-dried weight) 100, and electrolyte leakage (EL) was determined using the
formula [31]: EL% = [EC1/EC2] 100, where EC1 = EC of the solution containing leaves in
test tubes, and EC2 = EC of the solution in test tubes after autoclaving for 20 min at 121 °C
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2.5. Enzymatic Antioxidant and Lipid Peroxidation Variables

Fresh chili leaves (1.0 g) were extracted in 50 mM phosphate buffer (pH 7.8), homog-
enized, and centrifuged at 15,000 g for 10 min to determine the enzyme activity. The
supernatant was used for the experiment. Measurements of the activities of peroxidase
(POD), catalase (CAT), or superoxide dismutase (SOD) were made in accordance with the
methods published by Velikova et al. [32], Aebi [33], and Beauchamp and Fridovich [34],
respectively. The malondialdehyde (MDA) as an indicator of cellular lipid peroxidation
of chili leaves was measured by following the protocols of Heath and Packer [35] and
Ali et al. [36]. The leaf sample (0.2 g) was homogenized in 1.5 mL of 0.1% Trichloroacetic
acid followed by centrifugation at 11,500 g at 4 °C for 15 min. The collected supernatant
(0.4 mL) was then added to 1 mL of the reaction mixture. For blank samples only 0.4 mL
of 0.1% TCA was mixed with 1 mL of reaction mixture. The tube was kept for 30 min at
95 °C in a boiling water bath. After that tube was incubated in an icebox to terminate the
reaction, and centrifugation was conducted for 30 min again at 10,000x g. The absorbance
of the collected supernatant was measured at 532 and 600 nm.

2.6. Cadmium Contents in Plant Tissues

A blend of di-acid (HNO3: HCIO, proportion of 2:1) was used for the wet digestion
of chili shoot samples. An atomic absorption spectrophotometer (Perkin-Elmer, Waltham,
MA, USA, Model 3300) was used to examine the concentration of cadmium content in
the roots and fruit samples. Quality assurance for Cd internal standards (CPAchem, Bo-
gomilovo, Bulgaria) were used while standardizing the equipment with reference material
as explained by Salama et al. [37]. The calibration curve was prepared from the cadmium
atomic absorption standard solution of 1000 ug mL~! Cd in 1% HNO; (Sigma Aldrich, St.
Louis, MO, USA). The instrument detection limit for Cd was (0.03 mg g’l DW).

2.7. Quality Assurance

Merck-Germany analytical grade chemicals were utilized for all the procedures. To
avoid contamination, high-quality glassware (Merck-Germany, Darmstadt, Germany) was
used after washing with diluted HNOj. To improve the accuracy of the data, the analysis
was performed three times for each sample using the usual reference approach.

2.8. Data Analysis

Statistical analysis of data was performed by applying Fisher’s analysis of variance
(ANOVA) and the means of all treatments were compared by the highest significant differ-
ences (HSD) test using Statistix 8.1 software. Regression, correlation, Principal component
analysis, and heat map were performed using Minitab Mtb EXE (2) software (Minitab Inc.,
State College, PA, USA).

3. Results
3.1. Growth and Phenological Variables

Induced cadmium stress caused a significant reduction in plant height (21.49 and
54.75%), root length (28.32 and 61.97%), shoot length (20.83 and 51.79%), number of leaves
(28.77 and 38.43%), leaf length (6.95 and 41.71%), leaf width (26.52 and 42.65%), leaf area
(24.10 and 61.16%) and stem diameter (14.03 and 26.47%) of at 2 and 4 mM, respectively
in chili plants. Whereas, soil-applied humic acid and foliage-applied Se enhance growth
attributes and phenology both in control and Cd-amended treatments (Figure 1(1A-1H)).
Maximum growth attributes were observed where the combined application of humic acid
and Se was applied both in control and Cd-contaminated treatments.
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Figure 1. Effect of different treatments of selenium and humic acid on the growth variables of chili
grown under various levels of cadmium stress (Cdy = control; Cd; = 2 mM; Cdy = 4 mM). The
lowercase letters in the bar graph show the significant variations across treatment means at p < 0.05.
Ck = Control; Se = Selenium (3 uM, using NaySeOy); HA = Humic acid (250 mg kg‘l of soil w/w); Se +
HA = Selenium + Humic acid. 1A = Root length; 1B = Shoot length; 1C = Plant height; 1D = Number
of leaves; 1E = Stem diameter; 1F = Leaf width; 1G = Leaf length; 1H = Leaf area.

3.2. Fresh and Dry Biomass Variables

Data analysis showed that the combined effect of humic acid and Se was significant for
the fresh and dry biomass of chili shoots, roots, and plants (Figure 2(2A-2F)). Escalation of
humic acid and Se dosage progressively enhanced the fresh and dry biomass of shoot, roots,
and plant for T3 treatments both in Cd-regimes and under control. Rather this treatment
(Ty) slightly increased the fresh and dry biomass more as compared to T;. The Cd-affected
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plants exhibited decreased root fresh weight (14.45 and 21.60%), shoot fresh weight (16.38
and 38.24%), plant fresh weight (16.24 and 36.87%), root dry weight (38.74 and 57.66%),
shoot dry weight (16.32 and 38.12%), and plant dry weight (18.15 and 39.67%) at 2 and
4 mM, respectively.
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Figure 2. Effect of different treatments of selenium and humic acid on the biomass (fresh and dry) vari-
ables of chili grown under various levels of cadmium stress (Cdg = control; Cd; =2 mM; Cd; = 4 mM).
The lowercase letters in the bar graph show the significant variations across treatment means at
p < 0.05. Ck = Control; Se = Selenium (3 1M, using NaySeO,); HA = Humic acid (250 mg kg ™! of
soil w/w); Se + HA = Selenium + Humic acid. 2A = Root fresh weight; 2B = Shoot fresh weight;
2C = Shoot dry weight; 2D = Root dry weight; 2E = Plant fresh weight; 2F = Plant dry weight.

3.3. Physiological and Photosynthetic Variables

The Cd-induced toxicity reduced chlorophyll 4 (18.02 and 30.97%), chlorophyll b (11.88
and 32.18%), total chlorophyll contents (16.01 and 31.44%), carotenoids contents (20.14
and 43.20%), photosynthetic rate (21.49 and 54.28%), transpiration rate (22.39 and 46.77%),
and stomatal conductance (28.05 and 52.48%) at 2 and 4 mM, respectively as compared to
control (no Cd stress). A maximum of all the photosynthetic and physiological attributes
was observed in the case of T3 where the combined application of humic acid and Se was
applied to plants growing in control and Cd-stressed conditions (Figure 3(3A-3G)).
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Figure 3. Effect of different treatments of selenium and humic acid on the physiological and
photosynthetic variables of chili grown under various levels of cadmium stress (Cdy = control;
Cd; =2 mM; Cd; = 4 mM). The lowercase letters in the bar graph show the significant variations
across treatment means at p < 0.05. Ck = Control; Se = Selenium (3 uM, using NaySeO,); HA = Humic
acid (250 mg kg~! of soil w/w); Se + HA = Selenium + Humic acid. 3A = Chlorophyll a contents;
3B = Chlorophyll b contents; 3C = Total chlorophyll contents; 3D = Carotenoids contents; 3E = Photo-
synthetic rate; 3F = Transpiration rate; 3G = Stomatal conductance.
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3.4. Water-Related and Biochemical Variables

The findings exhibited that relative water contents and electrolyte leakage were sig-
nificantly affected in Cd-affected chili plants as compared to control. Cd stress decreased
the relative water contents (10.73 and 24.17%) and increased electrolyte leakage (49.44
and 129.35%) and MDA (68.41 and 104.04%) activities as compared to control. Likewise,
plants grown by the combined application of humic acid and Se further enhanced relative
water contents and decreased the membrane leakage in chili plants. Maximum relative
water contents and minimum membrane damage were revealed by Cd-affected and control
plants supplemented with humic acid and Se. The Cd-affected plants treated with only
humic acid proved a better response as compared to the sole application of Se (Table 1).

Table 1. Effect of different treatments of selenium and humic acid on the water-related, biochemical,
and lipid per oxidation variables of chili grown under various levels of cadmium stress.

Cd Stress Treatments RWC (%) EL (%) MDA (1 mole g—1 FW)

Ck 84.56 d 1145g 6.55a

1 Se 85.54 ¢ 8.56 5.67b
Contro HA 87.34b 7.54k 512d
Se + HA 91.23a 5671 434¢g

Ck 7323 h 15.56 d 10.89 ¢

Se 7745 g 13.45 f 9.23 ¢

2mM HA 79.54 f 1123h 897 f
Se + HA 81.23 ¢ 9.411i 7.42h

Ck 61231 2342 14231

o Se 64.56 k 2021b 11.22j
m HA 6754 18.45 ¢ 1043 k
Se + HA 7123 1521d 8341

RWC = Relative water contents; EL = Electrolyte leakage; MDA = Malonaldehyde contents; The lowercase letters
in the bar graph show the significant variations across treatments means at p < 0.05. Ck = Control; Se = Selenium
(3 uM, using NaySeO4); HA = Humic acid (250 mg kg*1 of soil w/w); Se + HA = Selenium + Humic acid.

3.5. Enzymatic Antioxidant Variables

The activity of enzymatic antioxidants in chili plants were altered by the application of
humic acid and Se under induced cadmium stress (Table 2). Increased cadmium stress from
2 to 4 mM caused the increased SOD (29.35 to 47.84%), POD (136.63 to 298.02%), and CAT
(56.33 to 126.58%) significantly. In terms of the activities of antioxidant enzymes, cadmium
stress was shown to have a decreasing pattern of 4 mM > 2 mM > control conditions,
whereas humic acid and selenium treatments were observed to have a decreasing pattern
OfTQ >T;>Tp >Ts.

3.6. Cadmium Contents in Plant Tissues

Cadmium stress and various treatments of soil-applied humic acid and foliar-applied
selenium significantly (p < 0.01) affected the root and fruit Cd accumulation in chili plants
that are grown under Cd stressed as well as normal conditions. Cadmium stress increased
the root and fruit Cd contents as compared to control (normal conditions). Maximum root
Cd contents of 6.65 and 11.18 mg g~ ! in roots and 3.30 and 6.90 mg g~ ! in fruit under
control conditions were observed where no addition of humic acid and foliar application of
distilled water was carried out. Minimum root and fruit Cd accumulation was observed
where foliar application of selenium and soil-applied humic acid was applied synergistically
(Figure 4(4A and 4B)).
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Table 2. Effect of different treatments of selenium and humic acid on the enzymatic antioxidant
variables of chili grown under various levels of cadmium stress.

Cd Stress Treatments SOD POD CAT
(U mg~1 Protein) (min~1 mg~1 Protein)  (min—1 mg~1 Protein)

Ck 293 g 013 g 0.18 ef

Se 285h 0.10 gh 0.15 fg

Control HA 271 0.07 hi 0.11 hi
Se + HA 2.56j 0.041 0.091i

Ck 391 c 0.29 cd 0.27 ¢

Se 3.67d 0.21e 0.23d
2mM HA 353e 017 f 0.19 de
Se + HA 321f 013 fg 0.14 gh

Ck 4.67 a 041a 0.38 a

Se 4.23b 0.37b 0.31b

4mM HA 391 ¢ 031 c 0.28 be
Se + HA 354 e 0.25d 0.23d

SOD = Superoxide dismutase activity; POD = Peroxidase activity; CAT = Catalase activity; The lowercase letters
in the bar graph show the significant variations across treatment means at p < 0.05. Ck = Control; Se = Selenium
(B uM, using NaySeOy); HA = Humic acid (250 mg l<g‘1 of soil w/w); Se + HA = Selenium + Humic acid.
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Figure 4. Effect of different treatments of selenium and humic acid on the Cd accumulation in
roots and fruit of chili grown under various levels of cadmium stress (Cdy = control; Cd; =2 mM;
Cd; =4 mM). The lowercase letters in the bar graph show the significant variations across treat-
ment means at p < 0.05. Ck = Control; Se = Selenium (3 uM, using Na;SeO,); HA = Humic acid
(250 mg kg_1 of soil w/w); Se + HA = Selenium + Humic acid. 4A = Cadmium in roots; 4B = Cadmium
in fruits.

3.7. Pearson Correlation Matrix

Growth, enzymatic, water-related, and biochemical and Cd accumulation characteris-
tics of chili plants were connected with one another in order to support the veracity of the
conclusions above (Figure 5). All the enzymatic attributes (SOD, CAT, and POD) were neg-
atively correlated with chlorophyll contents, growth, and biomass as well as relative water
contents, however, a significant positive correlation was noticed for MDA and electrolyte
leakage contents. The relative water contents and dry weight of the root shoot and plant
were favorably associated with the chlorophyll contents.

3.8. Principle Component Analysis

Chili cultivated on cadmium-contaminated soil with exogenously applied Se and
soil-applied humic acid treatments was shown to have a connection between Cd, growth,
biomass, physio-biochemical, and tissue Cd contents using loading plots of principal
component analysis (Figure 6). The first two primary components, PC1 and PC2, make
up the largest percentage of all components and account for more than 94% of the entire
database, whereas PC2 makes up 3% of it. The first set of variables that PC1 has a positive
correlation with are: Cd in the root, MDA, and leaf area were positively correlated. The
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factors related to SOD, CAT, and POD are slightly negative with Cd in root. The factors
related to growth parameters, leaf fresh weight, root fresh weight, and leaf dry weight were
found to have a strong positive relationship with PC1 variables.
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Figure 5. Correlation coefficients of various attributes of chili by different treatments of selenium
and humic acid under various levels of cadmium stress (Cdy = control; Cdy = 2 mM; Cd; = 4
mM). RL = Root length; SL = Shoot length; RFW = Root fresh weight; RDW = Root dry weight;
SFW = Shoot fresh weight; SDW = Shoot dry weight; PFW = Plant fresh weight; PDW = Plant dry
weight; PH = Plant height; LW = leaf width; LL = Leaf length; LA = Leaf area; NOL = Number
of leaves; SD = Stem diameter; TR = Transpiration rate; PR = Photosynthetic rate; SC = Stomatal
conductance; CHL a = Chlorophyll a; CHL b = Chlorophyll b; TCHL = Total chlorophyll contents;
EL = Electrolyte leakage; RWC = Relative water contents; SOD = Superoxide dismutase activity;
POD = Peroxidase activity; CAT = Catalase activity; MDA = Malonaldehyde contents; Cd-R; Cd
contents in roots; Cd-F = Cd contents in fruits.

3.9. Heat Map Analysis

The interaction between the many examined characteristics of the chili grown in soil
that had been spiked with Cd was evaluated using the heat-map histogram (Figure 7).
There is a negative link between the MDA concentration and relative water content; there
is a positive correlation between the MDA concentration and Cd in the root and shoot
of chili. Electrolyte leaks have a significant correlation with Cd levels in plant roots. A
significant positive association between root length, shoot length, and leaf area was found
where a combined application of Se and humic acid was applied. With all three antioxidant
enzymes (SOD, CAT, and POD), Cd uptake showed a negative connection.
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Figure 6. Loading plot of principal component analysis (PCA) on various attributes of chili under
various Se and humic treatments grown under the induced Cd stress; RL = Root length; SL = Shoot
length; RFW = Root fresh weight; RDW = Root dry weight; SFW = Shoot fresh weight; SDW = Shoot
dry weight; PFW = Plant fresh weight; PDW = Plant dry weight; PH = Plant height; LW = leaf width;
LL = Leaf length; LA = Leaf area; NOL = Number of leaves; SD = Stem diameter; TR = Transpi-
ration rate; PR = Photosynthetic rate; SC = Stomatal conductance; CHL a = Chlorophyll a; CHL
b = Chlorophyll b; TCHL = Total chlorophyll contents; EL = Electrolyte leakage; RWC = Relative
water contents; SOD = Superoxide dismutase activity; POD = Peroxidase activity; CAT = Catalase
activity; MDA = Malonaldehyde contents; Cd-R; Cd contents in roots; Cd-F = Cd contents in fruits.
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Figure 7. Heat map plot of various attributes of chili grown under various levels of cadmium stress
(Cdy = control; Cdy = 2 mM; Cd, =4 mM) under selenium and humic acid treatments; RL = Root
length; SL = Shoot length; RFW = Root fresh weight; RDW = Root dry weight; SFW = Shoot fresh
weight; SDW = Shoot dry weight; PFW = Plant fresh weight; PDW = Plant dry weight; PH = Plant
height; LW = leaf width; LL = Leaf length; LA = Leaf area; NOL = Number of leaves; SD = Stem
diameter; TR = Transpiration rate; PR = Photosynthetic rate; SC = Stomatal conductance; CHL
a = Chlorophyll a; CHL b = Chlorophyll b; TCHL = Total chlorophyll contents; EL = Electrolyte
leakage; RWC = Relative water contents; SOD = Superoxide dismutase activity; POD = Peroxidase
activity; CAT = Catalase activity; MDA = Malonaldehyde contents; Cd-R; Cd contents in roots; Cd-F
= Cd contents in fruits.
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4. Discussion

Globally, plant health, growth, and productivity significantly decreased as a result
of agricultural soils with elevated hazardous metal levels, such as Cd [38]. The results of
this study demonstrate that Cd-induced stress decreased the growth, phenological, and
biomass (fresh and dry) associated parameters significantly. Humic acid and selenium
treatments improved the plant growth variables under control and stress conditions in a
variety of ways (Figure 8).

Se Ck HA+Se HA Se Ck HA+Se HA Se Ck

Control 2mM Cd stress I 4mM Cd stress

Figure 8. Pictorial view of chili fruit under various treatments of selenium and humic acid grown
in cadmium-stressed soil. Ck = Control; Se = Selenium (3 uM, using Na;SeO,); HA = Humic acid
(250 mg kg ! of soil w/w); Se + HA = Selenium + Humic acid.

The improvement in the growth and biomass attributes might be due to boosting their
chlorophyll levels and cell division rates, increase in root volume, distribution of nutrients,
release of organic acids, and division [39-41]. The enhancement in the chili plant growth
and biomass might be due to the reduction of ROS production and the enhancement of
the antioxidant defense mechanism, they promote plant development [42,43]. Humic acid
and selenium, however, have a favorable impact on the structural changes imposed by Cd-
content-related stress in chilies in terms of maintaining plant integrity [44,45]. By enhancing
the environment for the growth of chili plants, humic acid, and selenium addition plays a
crucial part in reducing the stress conditions caused by Cd in plants. Combined application
of humic acid and selenium, interact chemically to improve the absorption of several
important elements in plant tissues [46]. A rise in biomass may result from humic acid and
selenium treatment plants might be due to the increased mineral nutrient content [47].

Cadmium stress decreases cellular activity, physiological, and photosynthetic pro-
cesses due to an imbalance in dietary requirements, metallic toxicity, osmotic, and oxidative
stressors, as well as the photosynthetic process [48,49]. This study has demonstrated that
the application of humic acid with selenium improves the reduction of abiotic stress (i.e.,
stress brought on by Cd) by keeping nutritional balance and osmotic stress in chili plants.
Humic acid and selenium were added to the photosynthetic process, according to Qiangian
et al. [50], which improved the process, which is possibly connected to the biological mech-
anisms used to reduce stress-related harm to plants. The increase in antioxidant defense
capacity is lessened by the humic acid and selenium addition causes oxidative damage to
enzymes, which aids in plant photosynthesis [51,52].

The synergistic effect of humic acid and selenium resulted in decreased electrolyte
leakage and increased MDA activity in chili tissues. This demonstrates the fact that
exogenously applied humic acid and selenium under Cd-stressed conditions likely protect
and increase membrane stability in chili plants [52,53]. According to Zulfiqar et al. [54],
linolenic acid increases during times of stress causing higher levels of electrolyte leakage in
plants, whereas these membrane-associated fatty acids are much less of a concern when
humic acid and selenium are present [55]. In this study, electrolyte leakage was found to
be greater at increased Cd levels [56,57], whereas humic acid and selenium application
considerably mitigated this effect.
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Under the Cd stress, all the enzymatic variables increased in the chili plants, a linear
increase was noticed with increasing the Cd stress, and similar observations were also
noticed in previous studies [58]. The co-application of Se and humic acid led to a noteworthy
decrease in enzymatic activities associated with oxidative stress in chili plants. Superoxide
dismutase (SOD), an enzyme responsible for scavenging superoxide radicals, exhibited
reduced activity under the Se and humic acid treatment [59]. This phenomenon suggests
that the synergistic action of Se and humic acid helped regulate ROS accumulation, thereby
mitigating the need for excessive SOD activity. This intriguing outcome suggests that the
combined treatments helped maintain a balanced ROS level, which in turn lessened the
reliance on these enzymatic activities for ROS detoxification [56]. The intricate interplay
between Se and humic acid likely facilitated a more efficient antioxidant defense system,
leading to reduced oxidative stress and cellular damage in the chili plants [57].

According to our findings, humic acid and selenium treatment under Cd stress caused
a considerable decrease in Cd accumulation in chili plant tissues. This proves that Cd**
uptake by chili plant roots and transport into plant leaves were reduced by humic acid and
selenium [60,61]. Similar results in maize [62], wheat [63], and rice [7] were also noticed. A
decrease in Cd?* absorption and transport as well as improvements in plant resilience may
be the causes of the increase in plant resistance to Cd?* [64]. Similar results were also seen
in garlic plants, where humic acid and selenium addition reduced Cd** accumulation in
various plant parts. These findings highlight the potential of Se and humic acid to jointly
modulate enzymatic activities in chili plants under Cd stress, promoting a more effective
and balanced response to oxidative stress. The reduced enzymatic activities, rather than
indicating compromised antioxidant defense, suggest an optimized and harmonized ROS-
scavenging mechanism. This study sheds light on the multifaceted interactions between
these treatments and their ability to fine-tune the plant’s stress responses, offering valuable
insights into potential strategies for enhancing plant tolerance to heavy metal stress and
advancing sustainable agricultural practices.

5. Conclusions

Humic acid and Se-treated plants performed better than control plants under Cd
stress in terms of RWC, enzymatic activity, photosynthetic pigment levels, and biomass
(dry and fresh). Overall, this study provides compelling evidence that the combined
application of Se and humic acid holds a significant strategic tool for alleviating Cd stress
in chili plants. Integrating humic acid and Se can offer several benefits, pointing to the
amelioration of Cd-induced development, and physiological and osmolytes adjustment
of the chili crop. Their synergistic actions in promoting plant growth, limiting Cd uptake,
and enhancing antioxidant defense mechanisms collectively contribute to an integrated
approach for enhancing plant tolerance to heavy metal stress. Moreover, a reduction
in Cd accumulation in the fruits ensures chili quality. These findings are linked to the
main sustainable development goals (SDGs) for good health and zero hunger. These
observations unveil a promising avenue for advancing research, wherein we can delve
deeper into the interactions between plant-organic amendments and essential elements.
These findings have implications not only for sustainable agriculture but also for the broader
goals of environmental remediation and food safety in regions affected by heavy metal
contamination. Additionally, combining humic acid usage with other soil and irrigation
management practices can further enhance the resilience of chili crops to metal stress. Prior
to making a commercial recommendation, economic factors must be taken into account.
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